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Introduction and History
Hybrid energy systems utilize two or more energy resources as inputs to two or more physically coupled subsystems to produce one or more energy commodities as outputs. These energy conversion subsystems take an energy form, typically a primary resource such as wind's kinetic energy or the chemical energy in coal, and process it into a more generally useful energy product such as electricity or vehicle fuel, which can then be used to provide energy services such as cooling or transportation. The benefits generated by hybrid operation can include higher overall energy usage efficiency, better utilization of capital equipment, reduced emissions [especially of carbon dioxide (CO 2 )], and use of domestic resources rather than imported petroleum to make vehicle fuel.
Hybrids can be steady-state systems; for example, using hydrogen generated by nuclear-powered electrolysis to provide additional chemical energy to a coal-to-liquids process, thereby reducing overall CO 2 emissions. Hybrid systems can also operate transiently; for example, using a nuclear power plant to make electricity during the day but diverting its thermal generation capacity unneeded at night to a synthetic fuels process such as natural gas conversion to synthetic gasoline. Energy storage systems can be incorporated into transient hybrid energy systems to improve their ability to respond to dynamic energy supply or demand changes and into steadystate systems to allow for production variations with constant demand.
Idaho National Laboratory (INL) has conceived and analyzed hybrid energy systems for several years, primarily under Laboratory Directed Research and Development funding and with a focus on using a nuclear reactor as an energy source. Recent work has concentrated on systems that can provide load-following electrical power, allowing nuclear systems to meet electrical demand above base-load levels. The ability to follow normal diurnal transients of hours duration also allows these systems to provide substantial, if not complete, compensation of variations in the output of wind or solar generation facilities. In this way, both nuclear and variable renewable sources of low CO 2 power can increase their contribution to meeting national power demand.
In recognition of this synergy, in September 2011, a workshop to explore cooperative nuclearrenewable power generation was organized by the Joint Institute for Strategic Energy Analysis (JISEA) with INL, among numerous others, attending. JISEA is a cooperative venture of the National Renewable Energy Laboratory (NREL), the University of Colorado-Boulder, the Colorado School of Mines, Colorado State University, the Massachusetts Institute of Technology (MIT), and Stanford University that provides in-depth analysis of energy policy options. NREL itself has a long history of work in developing and evaluating renewable energy systems of many types. The consensus of that meeting was that there were significant opportunities for the two technologies to support each other.
Also during mid-2011, INL began organizing a new Center of Research and Education (CORE) within its Institute for Nuclear Energy Science and Technology (INEST). INEST supports academic research done collaboratively with an INL researcher in defined areas of nuclear engineering, with this CORE, the fifth one established, being focused on nuclear hybrid energy systems. As part of establishing this CORE, an international workshop to identify appropriate research directions was planned for spring 2012. Because this workshop was recognized as a natural continuation of the discussions started at the JISEA meeting, INL and JISEA jointly planned it.
This report documents the results of that workshop, which was held on April 3-4, 2012, in Salt Lake City, Utah. About 40 people representing national laboratories, universities, and energy companies attended from across the United States and from China and France. The agenda and list of attendees are included as Appendices A and B.
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Overview Presentations
The program began with several presentations providing an overview of already established activities similar to or supportive of hybrid energy systems. The full presentations are available at https://inlportal.inl.gov/portal/server.pt?tbb=hybrid. Key points from them and the associated discussions are summarized here.
Grand Energy Challenges
Doug Arent of JISEA discussed the Grand Energy Challenge, observing that market, regulatory, and political challenges are greater than technical ones. Technology and informatics are changing the ways energy is used. The enhanced information exchange and expectation for transparency via social networks could potentially have huge effects on energy, particularly the social acceptance of energy sources, transmission and other infrastructure, and utilization. Getting leaders to address grand challenges requires that they hear from many trusted messengers. Thus, the availability of credible, objective data, information, and tools is critical to inform energy decisions at local, regional, national, and global levels. International partnerships bring considerable value because technology supply chains are global and precompetitive research and development (R&D) can benefit all parties. There are many drivers to energy change, including energy security, environmental impacts, and economics, and the relative importance among these factors is location and context dependent. In many examples, local issues such as air quality, water availability and quality, and local economic situation may be "closer to the political bulls-eye" than the global environment.
A Wyoming Case Study
The State of Wyoming was presented as a case study in energy development by Bob Ballard of the University of Wyoming, who was also representing the State of Wyoming and the Wyoming Business Council. Wyoming is the top state for total energy production (largely from coal) and is now tenth in the country in megawatts of wind capacity. This number has been increasing although they are constrained by transmission capacity. They are interested in combining renewable generation with other systems to be able to provide energy reliably to large industrial users. Since 2004, the university has committed $228.6 million to energy research from various sources. The school has three focus areas:
• Unconventional reservoirs (tight gas, shale gas, oil shale, and residual oil zones)
• Climbing the value chain (adding value to existing resources and creating products and markets)
• Wind and solar energy (efficiency improvement, intermittency mitigation, and energy storage).
Overview of Hybrid Systems in China
An overview of energy research in China was given by Zhiyuan Zhu of the Chinese Academy of Sciences (CAS) Shanghai Branch. CAS has a broad program investigating renewable, fossil, and nuclear energy. Because the country has large reserves of coal, there is a major effort on coal-tochemicals conversion, as well as coal-to-liquid fuels. Recently the CAS has begun doing nuclear power research after five decades of not working in that area. Their nuclear focus is on thoriumfueled molten salt reactors (TMSR) (motivated by China's thorium reserves) and on accelerator driven systems. There is interest in producing hydrogen with a TMSR or with concentrating solar power (CSP), especially through the use of high temperature electrolysis. Their development timeline includes demonstration of 2, 10, and 100 MWe TMSRs in the years 2015, 2020, and 2030, respectively. Hydrogen production ties to their interests in coal conversion and possible recycling of CO 2 as a carbon source for chemical syntheses. In response to questions, Zhu noted that reducing water usage for either cooling or processing has not been an objective and that industrial participation in chemical process development becomes necessary at the demonstration scale because CAS cannot afford to do those projects by itself.
An Industrial Perspective on Hybrid Energy
An industrial perspective on hybrid systems was presented by Max Peter of GE Global Research. GE has recently introduced a commercial hybrid system consisting of a natural gas combined cycle power plant with additional heat input from CSP. Their observations about such systems include that plant outputs should be controllable, hybrids must demonstrate that they do not disrupt operations or revenue of the component systems, performance guarantees are challenging for hybrids, and having a single system integrator as a turnkey provider may be necessary to overcome technological stovepipes until these systems are more mature and proven.
Summary of 2011 Nuclear-Renewable Synergies Workshop
Mark Ruth of NREL provided a summary of the fall 2011 JISEA workshop on synergies between nuclear and renewable energy. The workshop's objective was to assemble experts to identify and prioritize potential synergies between nuclear and renewable energy and to identify potential leveraging opportunities. Opportunities were identified and prioritized. Breakout discussion groups were organized for each of the three high priority topics: hybrid energy systems, value proposition/business case, and energy for transportation. Each group identified the potential, challenges, priority analysis needs, and priority R&D opportunities in their area. The workshop report is published at www.nrel.gov/docs/fy12osti/52256.pdf. The workshop was considered valuable because it assembled members from various technology and policy communities and provided impetus for collaboration. Integrating ideas across these disciplines is key to building support for the idea of hybrid energy systems. One of the purposes of the Salt Lake City workshop was to integrate a range of ideas for hybrid energy systems and determine R&D needs.
Nuclear-Renewable Hybrid Systems with Thermal Energy Storage
Paul Denholm of NREL discussed the role of thermal energy storage in nuclear-renewable hybrid systems. Over 60% of electrical demand can be met by base-load or nearly base-load systems (those with over 96% capacity utilization), a regime well suited to nuclear plants. However, the remaining 40% requires systems that can be operated economically on a part-time basis. Adding variable renewable generation to the mix increases the need for flexible, part-time generation. Even if a nuclear plant is agile enough to follow and counterbalance the variability of wind, operating at less than full rates is not economically attractive. Adding thermal storage to a system addresses both of these issues. However, NREL has not done an economic analysis of the cost of thermal storage.
Nuclear Reactor Technologies for Hybrid Applications
Michel LeComte, recently retired from AREVA, provided a French perspective. France has no coal, oil, or gas of its own so it depends on nuclear, wind, and hydro. They are very concerned about the variable production from renewable sources. The northern Germany grid system has a large fraction of renewable generation and is already becoming unstable, threatening 5 destabilization of neighboring grid systems. Nuclear hybrid energy systems can help stabilize the grid, remaining economical by making easily stored liquid synthetic fuels when their output is not needed for electricity production. Liquid fuels will be required for quite some time (e.g., for aviation). Even if those synfuels are expensive, perhaps the equivalent of petroleum at $200 per barrel, having the technology developed and operating puts a strategically valuable known cap on the economic damage that can be inflicted on a country by petroleum supply interruptions. Over the long run, the development of nuclear plants should optimize both core physics (for generating medical or industrial isotopes, or 'burning' nuclear byproducts) and energy production (as heat, power, or both). LeComte noted that small nuclear plants are capital intensive and regular-sized plants are cheaper to run than small plants. However, it is expensive to transport high-temperature heat for use in a hybrid system so the chemical process is best built adjacent to the heat source. The challenge is to make efficient and effective chemical plants to be part of nuclear hybrid systems.
Prospects for Nuclear Hybrid Systems
A thorough overview of many possible applications of nuclear heat was provided by Henri Safa of Commissariat à l'énergie atomique et aux énergies alternatives (CEA), the French nuclear and alternative energy agency. Hydrogen production using the sulfur-iodine process was explored by a team of CEA, General Atomics, and Sandia National Laboratory but was projected to be significantly more expensive than high temperature steam electrolysis. Second generation biofuels are under active research in France. Two of the three candidate biofuel processes are thermochemical routes based on synthesis gas. The SYNDIESE project will demonstrate the complete biomass-to-liquids conversion, including a world's first demonstration of the use of external hydrogen to improve process efficiency. A survey of industrial energy use in France showed that about 40% of consumption is heat at less than 400°C. The energy needs of a large oil refinery, including power, steam, hydrogen, and water, could be met by a single 600 MWe sodium-cooled fast reactor operating at 500-600°C. Finally, district heating is an attractive and growing market suitable for low-temperature nuclear heat. Supplying this heat from the lowtemperature end of a power cycle reduces electricity production, but this is more than offset by the revenues from supplying steam at 2 bar pressure for heat. This low temperature heat can be economically transported for long distances, with one example presented assuming 150 km. All of these applications have the additional benefit of greatly reduced CO 2 emissions compared to their conventional counterparts.
NuRenew: Hybrid Nuclear-Renewable Energy Park
Bojan Petrovic of Georgia Tech made a brief presentation on NuRenew, a concept for an energy park that incorporates a molten-salt-cooled nuclear reactor, molten-salt-based CSP, and moltensalt-based thermal energy storage. The reactor could use thorium as fuel to address waste management issues. This hybrid energy system would provide electricity, transportation fuel, and high temperature process heat at about 600°C. It would enable re-purposing of fossil plant sites and coal infrastructure and would facilitate accelerated deployment of CSP.
Nuclear-Renewable Production of Hydrogen and Syncrude
Charles Forsberg of MIT described two nuclear hybrid concepts producing hydrogen or synthetic crude oil from oil shale. The hydrogen system uses a high temperature electrolyzer to split water when excess power generation capacity is available, primarily for use in industrial markets. When peak power is needed, the electrolyzer is run in reverse to function as a fuel cell, generating power from the stored hydrogen. The dual functions improve the economics by using 6 one device for both hydrogen production and peak electricity generation. In the oil shale system, a nuclear power plant generates load-following low-CO 2 electricity, displacing an equivalent amount of fossil-fired, CO 2 -emitting power generation. When that nuclear electricity is not needed, the heat that would be used to generate it is instead diverted into heating a subsurface oil shale deposit. After several years of retorting at high temperature, the hydrocarbons in that deposit can be withdrawn as a synthetic crude oil. The credits for CO 2 reductions obtained during the nuclear electricity production can be applied to the syncrude to allow it to meet low emissions standards increasingly being proposed and applied to vehicle fuels. In developing hybrid energy systems such as these, the institutional challenges of crossing established regulatory and business borders might equal the technical problems.
Nuclear Hybrid Systems to Offset Variability of Wind-Generated Electricity
As the last technical talk before the breakout sessions, Richard Boardman of INL briefly described four increasingly complex hybrid system configurations that might be used to offset the variability of wind energy generation. Three of the four had a fossil-fired power plant as the heat source. Although nuclear systems would be the best way to avoid CO 2 emissions, it is likely that initial hybrid systems will be fossil-fired to simplify those demonstrations and to allow continued development and licensing of the next generation of reactors.
Breakout Sessions
The attendees broke into two self-selected groups for in-depth discussions. One group, moderated by Shannon Bragg-Sitton of INL, covered thermal energy management issues with a focus on technology at the scale of unit operations. The second group, moderated by Robert Cherry of INL, covered system operations issues such as technical and economic analysis, system controls, and regulatory and market challenges. Their major points were reported to the full workshop using the presentations in Appendices C and D, respectively.
Thermal Energy Management
The thermal energy management group covered a range of topics including possible applications of hybrid systems, issues with use of a nuclear reactor, transport and storage of thermal energy, chemical conversion processes, and material problems at high temperatures. Their resulting list of priority research topics is reported in Appendix C. It includes equipment coupling, thermal energy storage (including the tradeoff of additional storage versus faster system dynamics to enable better load-following), developing methods for carbon-free hydrogen production, identifying additional ways to exploit excess heat or electricity, and development of heat transfer fluids.
System Operations
The system operations group identified technical gaps in a variety of system-level issues. A partial list of the R&D recommended to address these gaps includes additional economic and feasibility studies on alternative configurations, rationalization of the different methods and criteria for assessing projects used by the different industries that currently run the technologies that would be combined in a hybrid system, coordination of the multiple control systems in interacting subcomponent processes, the role of energy storage capacity in improving dynamic response, and understanding what options (including retrofits of existing power plants) are feasible for demonstration in the near-term and how they might facilitate eventual commercialization. The topic of the interplay between energy storage and dynamic responsiveness was independently identified by both breakout groups.
Group Discussion
The first round of discussion covered topics that might have been missed or not fully described by the two breakout groups. Collected into related issues, these included:
What problem are we trying to solve? Hybrid system developers need to clarify their objective(s), which might include lower cost of energy, reduced imports, or energy security. They must understand and explain the solutions in a compelling manner. Transportation fuels will be important because purchases of oil from foreign countries reduce job opportunities here by sending dollars overseas. Stable and predictable fuel prices are also important. There are other opportunities related to generation and use of heat, especially using low-temperature heat for space and district heating and developing ways to do load-leveling with either thermal or nonthermal (such as wind) energy sources. Addressing complex mixed regulatory issues so these systems can be built will be difficult. Careful validation of analysis methods developed to let scaled-down tests be applied to novel fullscale designs will be important.
Who should participate? Industry buy-in will be important because they will commit to and execute the projects. The chemical or fuel outputs of hybrid energy systems will have to be integrated into the chemical and petrochemical supply chains, so those industries as well as traditional fossil energy firms that operate in these markets could productively be involved. The solar photovoltaic industry also has variability problems that might be addressed by hybrid energy systems.
Other potentially interested industries should be identified. The Department of Energy program to develop high-temperature gas-cooled reactors has been in recent years pursuing a similar technology development and commercialization effort. Understanding their experience could be useful.
What communications and outreach are needed?
The policy world is the means by which the government will learn of and support hybrid energy system development and implementation. However, policy analysts as a group lack an understanding of technical issues. Hybrid system supporters need to provide the policy world with a simple cohesive message that provides answers to current problems and can be communicated to Congress and the administrative branch. Recalling President Obama's statement that the country's energy problems require an "all of the above" approach, hybrid systems might represent "integration of all of the above." Ultimately, though, the energy industry must make the decision to build and operate hybrid energy systems, possibly in response to policy incentives.
Because many different hybrid energy systems with different combinations of technologies are possible, it is necessary to have criteria for selecting those that are most attractive. This selection will naturally depend on the stakeholders participating. Metrics for these criteria for various hybrid system configurations will have to be developed. The criteria proposed included the following, which have been collected into categories of related issues:
Development risks: Managing development risk, capacity for staged demonstration and evolutionary development, limited complexity, good controllability, and near-term deployability.
Project economics: Cost (business case, capital cost, return on investment), ability to finance large capital costs, initial deployment location (optimal siting to address the multiple feed and product streams, choice of building in developed versus developing countries), and end-user needs.
Sustainability issues: Greenhouse gas emissions, fossil energy use, feedstock consumption, water withdrawal and consumption, long-term availability of resources, and land requirements.
National policy issues:
Value to the nation outside of immediate project economics, energy security, flexibility to use different feeds or make different products that might be mandated by future policies, value in niche markets of a few such plants, and transparency in reaching policy decisions.
In addition to the characteristics of the possible configurations, the choice of specific primary energy sources or energy products is clearly important. The workshop attendees proposed candidates that may be of greater initial interest because of regional needs or available resources. These sources and applications include:
• Sources o An architecture that would enable renewable energy use on the grid at levels above 25%
o Geothermal hybrid systems must address economic problems resulting from low temperatures and small plant capacities o Lower capital cost, small modular nuclear reactors o Natural gas as a plentiful, low-cost input used for thermal energy or for feedstock to make synthetic fuels or hydrogen 
Resulting Call for Proposals
Immediately after the workshop, the results were used to generate a call for INEST preproposals related to nuclear hybrid energy systems. The text of that call is presented in Appendix E. The requested topic areas were:
• Nuclear hybrid design concepts and analyses to identify and understand alternative new configurations
• Temperature boosting to raise the relatively low temperature (270-300°C) thermal output of light water reactors to higher levels, 500-800°C or more, to make that heat more generally useful for synthetic fuels processes; many of the most advanced concepts for small modular reactors are pressurized light water reactors
• Hydrogen production using nuclear energy, possibly combined with concepts from the first two topics in this list, would be useful for synfuel production
• Policy strategies for integrating the disparate technologies and regulatory paradigms associated with complex, integrated nuclear hybrid systems and that address key nontechnical challenges to fielding such a system.
• • Analysis of working fluid chemistry and properties and effect of structural materials
• Process control -impurities, chemistry control
• Freeze-thaw issues for some working fluids (i.e. molten salts)
-Heat exchanger design (conventional vs. advanced)
• Stress-corrosion cracking 
